To resolve the evolutionary history of rabbit hemorrhagic disease virus (RHDV), we performed a genomic analysis of the viral stocks imported and released as a biocontrol measure in Australia, as well as a global phylogenetic analysis. Importantly, conflicts were identified between the sequences determined here and those previously published that may have affected evolutionary rate estimates. By removing likely erroneous sequences, we show that RHDV emerged only shortly before its initial description in China.
T
he emergence of rabbit hemorrhagic disease virus (RHDV; Caliciviridae) in China in 1984 (1) initiated a wave of severe disease that spread rapidly through rabbit (Oryctolagus cuniculus) populations in Asia, Europe, and the Americas (2-4). As a consequence of its exceptional virulence, high transmissibility, and narrow host range, in 1991, a Czech strain of RHDV, CAPM V351, was imported into Australia, where it was evaluated over the next 4 years at the Australian Animal Health Laboratory as a possible biological control agent against introduced European rabbit populations (5, 6) . In 1995, during quarantined field trials on Wardang Island, South Australia, the virus escaped to the mainland (7), starting an epizootic that continues to this day (8, 9) . In 1997, this Czech strain was illegally introduced into New Zealand from Australia (10) . Despite this well-documented history, little is known about how the virus evolved over the 4 years from its importation to its eventual release, during which time experimental stocks were prepared and passaged in rabbits (9) . More broadly, the integrity of such early sequences may have major implications for estimates of the timing of RHDV emergence globally (11) , with most previous molecular clock-based studies suggesting that RHDV originated decades before its initial description in China (12) (13) (14) . Given the extreme virulence of RHDV, such an early emergence is both puzzling and contentious (5, 15) . Previous attempts to resolve this paradox have led to conflicting theories about the roles of persistent, long-term infections and cross-immunity from nonpathogenic lagoviruses that may dampen the virulence of pathogenic RHDV (16, 17) . The apparently spontaneous emergence of highly pathogenic RHDV has also been utilized in general models of virulence evolution (18) .
To help resolve the debate about the origins of RHDV, we sequenced the original stocks used in Australia (8) , focusing on single nucleotide polymorphisms (SNPs) to determine the extent of viral heterogeneity and how it was maintained through early passaging. This analysis revealed that the original master stock of imported RHDV contained 15 SNPs (frequency of Ͼ1%) at 14 genomic positions (Fig. 1A) . Most (53.3%) of these were located within the gene for viral capsid protein VP60 and included four nonsynonymous mutations. The master stock was passaged in rabbits to obtain an intermediate working stock (passage 1), and then a final concentrated stock (passage 2) was used for all subsequent releases of the virus. Although viral diversity was purged during passaging, with most (80%) of the SNPs decreasing in frequency, the SNP frequency increased at three sites-positions 2528 (in the gene for p29), 6217, and 6615 (both in the gene for VP60). Notably, the nonsynonymous SNP C6217A became the dominant variant, increasing in frequency from 41.4% in the master stock to 84.7% in the release stock. Structural mapping onto the VP60 capsid (Fig. 1B) revealed that SNP C6217A (VP60 amino acid Pro-305-Thr) is located on a prominent external loop adjacent to antigenic and receptor-binding sites (19, 20) , compatible with viral adaptation during passage. Interestingly, viruses circulating during the initial RHDV epizootic in South Australia contained either Pro or Thr at this position, further suggesting that the release stocks were heterogenous. Two independent sources (dilutions) of the release stock (Elizabeth Macarthur Agricultural Institute batches 1A and 1D) were also sequenced, which revealed remarkable consistency with the same consensus sequence and identical SNPs.
As these sequences represent the most likely founder viruses of the Australian RHDV epizootics, we estimated a genome-wide phylogenetic tree of CAPM V351-derived strains, including the Australian RHDV stocks and another V351 preparation from New Zealand, by using the GTRϩ⌫ model in PhyML (21) (Fig. 2) . This confirmed that, with the exception of SNP C6217A in the master stock, the consensus sequences of all of the viral stocks were in agreement yet, importantly, conflicted with the previously published sequence of the virus imported into Australia, known as RHDV V351 (GenBank accession no. U54983). The RHDV V351 genome contains 40 nucleotide differences (0.54%) from those generated here, such that it was either sequenced in error or a minor variant was selectively sequenced from the viral population during cloning. The evidence favors the latter, as an examination of minor viral populations across a small region (positions 3375 to 3732) in the original RHDV V351 publication (22) identified one variable position (nucleotide 3429) that corresponded to one of the differences between RHDV V351 and the stock viruses sequenced here. Regardless, the published RHDV V351 sequence evidently does not reflect the sequence of the founding virus in Australia and should be avoided in comparative analyses.
Previous estimates of the evolutionary rate of the VP60 gene of global RHDV range from 7.2 ϫ 10 Ϫ4 to 1.9 ϫ 10 Ϫ3 substitutions per site per year (11, 14) . Critically, under these rates, RHDV emerged up to 67 years prior to its first description in 1984, which implies that large-scale rabbit deaths went undetected for many years. However, it is likely that these early molecular clock studies incorporated sequences that have been compromised by contamination, poor sequencing, viral heterogeneity, or misdating. Indeed, most previous studies have included the original RHDV V351 sequence (9, 11, 12, 14) , even though a single incorrect sequence can have a major impact on evolutionary rate estimates (11) . In light of this, we compiled a carefully curated data set of GenBank-derived VP60 sequences (n ϭ 174) to re-estimate the rate and time scale of RHDV evolution (data available upon request). The final alignment included all of the "classic" RHDV isolates (clades A to D) with any sequences removed that contained evidence of recombination, ambiguous collection dates, or large deletions or that were from later passages of vaccine stocks. Importantly, these data exhibited a strong clock-like structure (Fig. 3A) . A Bayesian approach (23) was then used to estimate both the evolutionary rate (Fig. 3B ) and the time of RHDV origin (Fig. 3C ). This incorporated both strict and relaxed (uncorrelated lognormal) molecular clocks, a constant population size, exponential growth, and the Gaussian Markov random field skyride coalescent models (24) . Using marginal likelihood estimators (25) , the relaxed-clock model with exponential population growth was favored. Accordingly, the mean rate of RHDV evolution was estimated to be 2.77 ϫ 10 Ϫ3 substitutions per site per year (95% highest probability density [HPD] of 2.47 ϫ 10 Ϫ3 to 3.08 ϫ 10 Ϫ3 substitutions per site per year) (Fig. 3B ). This rate was significantly higher than previous estimates of global RHDV data (11) but in agreement with more recent and independent studies of RHDV evolution in Australia (8, 9) . Importantly, estimates of the evolutionary time scale based on this revised rate place the date of origin of RHDV between 1970 and 1981 (95% HPD intervals) and hence only shortly before its first description in 1984 and without a long "phylogenetic fuse" of undetected transmission.
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